As a master regulator of functional Ig heavy chain (IgH) expression, the IgH 3′ regulatory region (3′RR) controls multiple transcription events at various stages of B-cell ontogeny, from newly formed B cells until the ultimate plasma cell stage. The IgH 3′RR plays a pivotal role in early B-cell receptor expression, germ-line transcription preceding class switch recombination, interactions between targeted switch (S) regions, variable region transcription before somatic hypermutation, and antibody heavy chain production, but the functional ranking of its different elements is still inaccurate, especially that of its evolutionarily conserved quasipalindromic structure. By comparing relevant previous knockout (KO) mouse models (3′RR KO and hs3b-4 KO) to a novel mutant devoid of the 3′RR quasi-palindromic region (3′PAL KO), we pinpointed common features and differences that specify two distinct regulatory entities acting sequentially during B-cell ontogeny. Independently of exogenous antigens, the 3′RR distal part, including hs4, fine-tuned B-cell receptor expression in newly formed and naïve B-cell subsets. At mature stages, the 3′RR portion including the quasi-palindrome dictated antigen-dependent locus remodeling (global somatic hypermutation and class switch recombination to major isotypes) in activated B cells and antibody production in plasma cells.
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immunoglobulin gene regulation | enhancers | B-cell development I mmunoglobulin heavy chain (IgH) expression is critical for B-cell development and survival. In developing B-lineage cells, accessibility to the major remodeling events [VDJ recombination, somatic hypermutation (SHM), class switch recombination (CSR), and locus suicide recombination] depends on epigenetic changes and germ-line transcription of many regions, including V H promoters, I/switch region promoters, cis-regulatory region enhancers, and chromatin insulators (1) (2) (3) . A focus on knockout (KO) models for IgH cis-regulatory regions (enhancers and chromatin insulators) is a means to simplify the regulation picture. At the preproB stage, the IgH locus undergoes long-range looping in a "rosette-like" structure that brings into close proximity major IgH regulatory regions, such as the V H to D H intergenic control regions (IGCR1 and -2), the Eμ intronic enhancer, the 3′ regulatory region (3′RR), and the 3′IgH CTCF-binding elements (CBEs) (4) (5) (6) . Initiation of VDJ recombination is assisted by the Eμ enhancer, which provides efficient transcription and accessibility to initiate D H to J H rearrangements (7) (8) (9) (10) , as well as the IGCR1 and -2 elements that ordinate the V H to DJ H second recombination step (5, (11) (12) (13) . Devoid of enhancer activity (14, 15) , 3′CBE (hs5 to hs8) likely participate in IgH folding before VDJ recombination because deletion of hs5 to -7 only impacts use of proximal V H regions (16) . In pre-B cells, once a functional H chain is expressed as a component of the pre-B-cell recptor (BCR), the Eμ enhancer function switches from DJ H region accessibility to Igμ chain expression, and consequently modulates pre-BCR expression and expansion of the pre-B-cell compartment (17, 18) . The activity of Eμ even extends to the newly formed (NF)/immature stage, where it tunes BCR expression and influences B-cell fate (18) . The 3′RR has been proven to be dispensable for locus contraction and VDJ recombination (19, 20) . Its transcriptional activity starts after the pre-B stage and continues throughout B-cell development (21) . The large window of activity of the 3′RR implies that its regulatory function shifts sequentially to modulate the expression of functional H chains (in BCRexpressing cells or plasma cells), the production of germ-line regulatory transcripts correlated with Ag-dependent remodeling events, such as CSR, SHM (for review, see ref. 1), or even suicide recombination (3). The multiple KO and transgenic models developed to study 3′RR function (21) have brought considerable information, although quite puzzling, given that models have been mostly studied individually. Transgenic models carrying bacterial artificial chromosomes prohibit B-cell development and chromatin studies but provided information on CSR and SHM (22) .
Significance
The immunoglobulin heavy chain (IgH) 3′regulatory region (3′RR) fine-tunes IgH gene expression during B cell development. One singularity of this region is its quasi-palindromic structure conserved in the 3′RR of other species. By comparing previous mouse knockout (KO) models (3′RR-and hs3b-4 KO) to a novel mutant devoid of the quasi-palindrome (3′PAL KO), we highlighted common features and differences that specify two distinct regulatory entities: (i) the distal module (hs4) is sufficient for normal IgH expression up to the naïve B cell stage; (ii) during B-cell activation, the proximal module (quasipalindrome) is important for both class switch recombination and somatic hypermutation; and (iii) in plasma cells, the quasipalindrome is required for robust transcription of the IgH locus.
Taking CSR into account, bacterial artificial chromosome transgene studies point out a cumulative activity of IgH 3′ enhancer elements, with special activities for some of them, such as hs1-2, hs4 alone or combined with hs3b (23, 24) , and on the other hand, exonerate any effect of the hs3 homologs (25) . Transgenic models contradict endogenous deletion studies with regards to BCR expression and antibody secretion (23) . From endogenous deletion models, we learned that 3′RR enhancers share redundant functions because individual KOs had no significant consequences on B-cell remodeling events (26) (27) (28) , whereas combined deletion of hs3b and hs4 decreased CSR to all isotypes, except for IgG1 (29) . The entire 3′RR deletion demonstrates the potency of the region at all steps: deficient mice cumulate BCR-expression defects (30) , global SHM defects (31), abrogated CSR, and failure to secrete Igs (32) .
Another singularity of the 3′RR is its quasi-palindromic structure centered around hs1-2, composed of inverted repeats for about 25 kb and terminating by virtually identical hs3a and hs3b enhancers in the mouse (33, 34) . A similar quasi-palindromic organization is conserved in the 3′RR of other species, including humans and apes (3, 35, 36) . Strikingly, evolution did not conserve virtual homology of 3′RR inverted regions but preserved its global structure. Such a selection implies a dedicated function for the 3′RR quasi-palindrome that has not yet been elucidated. Our present study describes and compares a new KO mouse model devoid of the quasi-palindromic 3′RR proximal module (3′PAL KO) to relevant models ( Fig. 1 ) lacking the distal module (hs3b-4 KO) (29) or the entire region (3′RR KO) (32) . Common features and differences raised by this side-by-side comparison reveal that the 3′RR is composed of two functional entities that activate sequentially during B-cell development.
Results
Deletion of the Proximal IgH 3′RR Module in the Mouse. To determine the role of the "proximal 3′RR structural module" (Fig.  1 ) (called "3′PAL" for IgH 3′ quasi-palindromic region), we introduced a loxP-pTK-neo R -loxP cassette in place of the 26.4-kb region that includes hs3a, hs1-2, and hs3b enhancers by homologous recombination into 129/Ola ES cells (Fig. S1A) . Once introduced into the mouse germ line, the selection cassette was deleted, as described previously (18) , to get the 3′PAL Δ model (Fig. S1B) . Our study used either homozygous mutant mice (of mixed background, predominantly 129) or F1 heterozygous mice obtained after breeding to wt C57BL/6 mice. We compared 3′PAL deletion to previous models devoid of the two distal 3′IgH enhancers (hs3b-4 Δ ) (29) or the entire 3′RR (3′RR Δ ) (32).
The Distal 3′RR Module (hs4) Is Sufficient for Antigen-Independent B-Cell Ontogeny (from PreproB to Naïve B Cells). Because the hs4 enhancer remains upon our 3′PAL deletion, this mouse KO strain is a model of choice to evaluate the function of the 3′RR distal module in developing B cells. To avoid any disparity linked to the murine genetic background (30, 37) , the antigen-independent phase of B-cell development was assessed in mouse models carrying (Fig. 2, Fig. S2 , and (Fig. 2) , this had no consequence on the inflow of NF B cells. Deletion of the proximal 3′RR module had no effect on developing B-lineage cells: 3′PAL Δa / wtb animals displayed normal numbers and proportions of all bone marrow and spleen B-cell subsets (Fig. S2) , most likely the consequence of normal IgM a heavy chain expression in these cells (Fig. 2) . This theory was confirmed in homozygous 3′PAL
Δ/Δ mice harboring B-cell compartments comparable to wt mice (Table S2 ). (Fig. 2, Fig. S2 , and Table S1 ). Deletion of either proximal, distal, or the entire 3′RR showed marked differences on Ig heavy chain expression in developing B cells. A locus devoid of the distal module (3′RR Δ and hs3b-4 Δ ) failed to express a normal amount of surface Igμ heavy chain (already observed in NF B cells) with drastic consequences on the capacity to generate mature naïve B-cell subsets. On the other hand, our 3′PAL KO model proved that the hs4 enhancer was per se sufficient to drive efficient expression of μ heavy chain in developing B cells.
The Proximal 3′RR Module Drives Germ-Line Transcription and CSR to γ1, γ3, and γ2a Genes. Global IgH locus transcriptional activation was assessed by comparing RNA-seq data obtained from resting and in vitro LPS-activated splenic B cells from wt and homozygous 3′PAL, hs3b-4, and 3′RR KO animals. If sense and antisense germ-line transcripts (GLT) for the whole locus were above background in 3′RR KO B cells, deletions of distal and proximal 3′RR modules led to intermediate levels of IgH GLT upon LPS activation ( Fig. 3 and Fig. S3 ). Compared with wt cells, induction of sense GLT in the γ3 region was decreased in all KO models, whereas GLT of the μ region was not affected by hs3b-4 deletion. In contrast, γ2b region GLT were still normally induced in 3′PAL-deficient B cells (Fig. 3) . To more precisely evaluate the function of the proximal 3′RR on CSR, splenic B cells from wt and homozygous 3′PAL KO mice were subjected to appropriate in vitro stimulations and tested for switched BCR expression and GLT ( Fig. S4 A and B) . B cells deficient for the quasi-palindrome displayed a significant CSR defect to IgG3, IgG1, and IgG2a isotypes (reduced by two-to threefold). This finding was correlated with a consistent defect in GLT of both : Iγ3-Cγ3 GLT was reduced by fivefold; Iμ-Cμ, Iγ1-Cγ1, and Iγ2a-Cγ2a GLT were reduced by threefold. In contrast to complete 3′RR deletion (32) , in vitro CSR to IgG2b and IgA was not significantly reduced by the deletion of the proximal 3′RR region ( (Fig. S4C ) was a feature shared with the 3′RR deletion, suggesting, beyond an isotypespecific CSR defect, a global Ig secretion defect (Discussion). As potential targets of the IgH 3′RR, we determined expression of the recently described long-noncoding RNA (lncRNA) associated with CSR (38) and found, based on RNA-seq, no variation in all models in resting or LPS-activated B cells (Fig. 3 ). This finding was confirmed by quantitative RT-PCR (qRT-PCR) experiments showing that wt and 3′PAL-deficient B cells (resting or stimulated) displayed same amounts of lncRNA-CSR transcripts (Fig. S4D ). 4A) . When comparing the distribution of mutated sequences, we found that 3′PAL Δ/Δ GC B cells were largely unmutated (72%), whereas wt control had only a small proportion (7%) of unmutated cells (Fig. 4A ). Mutated IgH alleles from GC B cells devoid of the proximal module contained only few mutations (27% of sequences, with fewer than six substitutions). Similarly to the whole 3′RR deletion (31), highly mutated IgH alleles (>six mutations) were almost absent in our 3′PAL mutants (Fig. 4A) . As a control experiment, SHM was also quantified in the intron downstream from the Jκ5 segment and found both the mutation frequency and the percentage of mutated sequences to be comparable with that in wt (Fig. 4A) . We finally quantified IgH primary transcription by qRT-PCR with a probe downstream from the J H 4 intron and found a two-to threefold reduction in CG B cells lacking the proximal module (Fig. 4B) . In naïve B cells (B220 Δ/Δ mice, confirming that the 3′RR proximal module did not modulate heavy chain expression in resting B cells.
Plasma Cell Antibody Production and the Antigen-Specific Responses
Rely on the 3′RR Proximal Module. The first evidence of Ig secretion defects in animals lacking the 3′RR distal module was the drastic reduction of all circulating Ig, including IgM, in the serum of 3′PAL Δ/Δ mice (Fig. S5A ). This hypogammaglobulinemia was similar to that previously observed in 3′RR KO mice (32) . When challenged with ovalbumin, heterozygous 3′PAL Δa / wtb mutants proved that a deficient allele was unable to support efficient antibody production (Fig. S5B ). The IgM a -specific response was consistently decreased (Fig. S5B ), whereas IgG1 a and IgG2a a responses were completely abrogated (Fig. S5B) , probably the consequence of combined CSR and Ig secretion defects. Plasma cell differentiation and ability to produce Ig was then evaluated in heterozygous mice after intraperitoneal challenge with sheep red blood cells. All models showed efficient generation of plasma cells expressing both IgM a and IgM b allotypes in the spleen 6 d after challenge (Fig. 4C) . Remarkably, plasma cells carrying IgH alleles devoid of the proximal module (3′PAL Δ and 3′RR Δ alleles) exhibited a strong defect in intracellular IgM expression (Fig. 4D) . To look for the origin of the defect, IgH transcription was assayed in resting and in vitro-activated B cells from homozygous 3′PAL KO mice. In this plasmablast-enriched population, both the IgH primary and the secreted form of the μ chain transcripts were drastically reduced in the absence of the proximal module (Fig. 4E) .
Discussion
There is no doubt that the 3′RR plays a key role in IgH locus regulation (39) but the role of the conserved quasi-palindrome and the hierarchy between the modules remained poorly understood. By comparing relevant KO mouse models, our study demonstrated that the 3′RR includes at least two functional modules: (i) the distal module, which includes the hs4 enhancer element; and (ii) the proximal module, defined as the 3′RR quasipalindrome. First, independently of antigen stimuli, we confirmed that VDJ recombination does not require any of the 3′RR enhancers. In all models, early B-cell development was preserved, with normal pro-and pre-B-cell compartments. This finding correlates with studies proving normal VDJ rearrangements and V H use in such models (19, 40) . Second, our study identifies the , gray histograms below report the corresponding MF ratio. Cell numbers were collected from five to seven animals of each genotype. Significant differences were indicated by P values: *P < 0.05, **P < 0.01, ***P < 0.001 according to the Mann-Whitney u test.
critical role of the distal 3′RR module for Ig heavy chain expression in a defined window starting as soon as a complete BCR is expressed (NF B cells) and extending until the naïve B-cell stage. In B-lineage precursors, a first contribution was assigned to CBEs, which have been proposed to facilitate interactions between locus distant regions (14, 20, 41, 42) . Deletion of hs5-7 CBEs downstream from the mouse 3′RR resulted in only a slight modification of D and V H use (16), suggesting a modest contribution of 3′ CBEs in VDJ joining, although it is not excluded that full deletion (including hs8) might have a more drastic effect (39) . Once VDJ recombination is completed, the 3′RR and the promoter of the VDJ-rearranged segment continue to interact and then starts the actual 3′RR stepwise transcriptional activation by its distal module. Indeed, when developing B cells were driven by IgH alleles lacking the hs4 distal enhancer (hs3b-4 Δ or 3′RR Δ ), a progressive decrease in μH-chain expression was already observed in NF B cells (about 30% decrease at this stage compared with wt, based on IgM a /IgM b mean fluorescence ratio) and rose to a 50% decrease in transitional B cells. Such "low BCR-expressing" NF and transitional B cells displayed a differentiation disadvantage (observed in both models devoid of hs4) toward mature MZ and FO B-cell subsets. In the 3′PAL KO model, normal Igμ expression in bone marrow NF B cells and spleen mature B subsets clearly shows the proximal 3′RR module as dispensable at these stages.
These findings pinpoint the window of activity for the distal module and support a stepwise activation of the IgH 3′RR: hs4 is required to maintain optimal μ heavy chain transcription from the NF bone marrow to the mature MZ and FO splenic B cells. This window of activity clearly overlaps with that of Eμ, recently described as active on μH-chain transcription from pre-B to transitional B-cell stages (18) .
When mature B cells encounter antigen and engage in an immune response, the 3′RR proximal module takes over most of IgH locus regulatory mechanisms: SHM, CSR, and antibody production. First, SHM seems strongly dependent on the proximal module. The drastic reduction in SHM frequency in germinal center (GC) B cells from 3′PAL Δ/Δ mice (0.005 mutations per base pair downstream from the J H introns, excluding unmutated sequences) was similar to that observed in 3′RR-deficient animals (31), a model described as deficient for recruiting activation-induced cytidine deaminase (AID) in IgH variable regions (43) . In our 3′PAL Δ mice, the SHM defect was also correlated with a decrease (at least twofold) in IgH primary transcription, a defect comparable to that seen in 3′RR-deficient mice (31) . The IgH transcription defect in 3′PAL-deficient GC B cells also provides further evidence that hs4 does not influence H-chain expression once B cells are activated. Even if such a twofold transcription decrease appears modest, it is certainly significant. , and 3′RR Δ/Δ mice. Each RNA-seq experiment was performed on a pool of equivalent numbers of B cells sorted from four age-matched animals of the same genotype. Reads were aligned on mouse GRCm38/mm10 assembly using University of California, Santa Cruz Genome Browser (49), base position on mouse Chr12 are reported. A map of the IgH locus (not to scale), including constant genes, regulatory elements, and orientation of the reported transcripts is indicated.
Indeed, it is admitted that the level of BCR expression modulates B-cell fate and that a basal level of H-chain transcription is necessary for B-cell survival (44) . Besides a similar transcription defect in both models, the proportion of unmutated sequences (72%) in 3′PAL-deficient GC B cells was, however, lower than in 3′RR-KO mice (95%) (31) . Even if hs4 does not impact transcription at this stage, its partnership with the 3′PAL module for AID recruitment or targeting can be suspected in light of the higher proportion of unmutated IgH alleles in 3′RR KO than in 3′PAL-deficient mice. Second, germ-line transcription of major switch regions is regulated by the proximal 3′RR module. Transcription of the donor Sμ region is decreased by at least threefold in 3′PAL-deficient B cells induced for CSR in vitro (32, 45) ; the same is true for GLT of Sγ3, Sγ1, and Sγ2a acceptor switch regions, two features shared with the 3′RR-KO model (32) . The failure of a 3′PAL-deficient allele to support IgG1-or IgG2a-specific responses is also consistent with a CSR defect. Interestingly, the 3′PAL Δ/Δ phenotype preserved normal GLT and CSR to IgG2b and IgA, whereas these processes were affected in animals lacking both hs3b and hs4 enhancers or the entire 3′RR (29, 32) . Specifying that hs4 is by itself sufficient for normal GLT and CSR to Cγ2b and Cα, our study underlined the complexity of constant gene transcriptional regulation for CSR.
Among potential regulatory mechanisms involving the 3′RR, the lncRNA for CSR, recently described in the CH12 cell line undergoing CSR to IgA, promotes the CSR-stimulating activity of the 3′RR via a long-distance interaction with the hs4 region (38) . It is possible that lncRNA-CSR (normally expressed in 3′PAL-deficient B cells), promotes efficient CSR to IgA and IgG2b in this model that conserved the hs4 module. Third, in plasma cells, the common feature shared by both 3′RR and 3′PAL deletions proved that Ig heavy chain transcription and antibody production are directly under the control of the 3′RR proximal module.
We hypothesize that IgH 3′RR modules respond sequentially maybe independently to external stimuli: (i) the distal (hs4) module being responsible for efficient heavy chain and BCR expression in NF and naïve B-cell subsets, and (ii) the proximal quasi-palindromic module being later activated by exogenous antigen stimulation to support both SHM, CSR (with some help from hs4 in the situation of Sγ2b and Sα CSR), and prolonged IgH overexpression in antibody secreting cells.
Materials and Methods
Flow Cytometry. Once isolated from mouse organs, single-cell suspensions of bone marrow, spleen, peritoneal cavity, and Peyer's patches were labeled Table S3 for details). Significant differences were indicated by P values: **P < 0.01, ***P < 0.001 according to the Mann-Whitney u test.
with various fluorescent antibodies, as detailed in SI Materials and Methods.
To collect plasma cells, mice were injected with 200 μL sheep red blood cell suspension (bioMérieux) in the peritoneal cavity. At day 6, mice were killed and splenic plasma cells analyzed by flow cytometry as described in SI Materials and Methods. All animal experiments were performed according to the guidelines of the Comité Régional d'Ethique du Limousin (CREAAL 7-07-2012 approved protocol).
RNA Isolation and qRT-PCR. Total RNA was isolated and RT-PCR was performed as described previously (18) . TaqMan probes and primers, previously described in (9, 31, 38, (46) (47) (48) , are listed in Table S3 . Relative mRNA levels were normalized to Gapdh or Cd79a transcripts.
RNA-Seq Analysis. RNA-seq libraries were prepared from a pool of equivalent numbers of B-purified B cells, either resting B cells from the spleen or in vitroactivated B cells for 48 h with LPS, from four animals of each genotype. Sequencing and analysis are described in SI Materials and Methods.
SHM. The experimental procedures for Peyer's patch GC and naïve B cells sorting, genomic extraction, amplification, and cloning have been previously reported (9) . Amplification of VDJ H -or VJ κ -rearranged DNA fragments was performed with the appropriate primers ( Δa / wtb were generated by crossing homozygous mice with C57BL/6 mice. Mixed Sv/129 x C57BL/6 mice were used as controls. Mice were bred and housed in specific pathogen-free conditions at 21-23°C with a 12-h light/dark cycle. All experiments were performed according to the guidelines of the Comité Régional d'Ethique de l'Expérimentation Animale du Limousin and were approved as part of the protocol registered under no. CREAAL 7-07-2012.
Southern Blots. Genomic Southern blots were performed as follows: 20 μg genomic DNA was digested by XhoI or SacI. DNA was transferred to nylon membranes (MP Biomedicals) by capillarity. Blots were hybridized with [
32 P]-labeled probes generated by random priming. "X" probe located upstream from the 5′ homology arm was a 0.8-kpb HindIII-EcoRI fragment; "Y" probe located downstream from the 3′ homology arm was a, 0.6-kpb XhoI-HindIII fragment, as indicated in Fig. S1 . RNA-Seq Analysis. Total RNA was extracted using miRNeasy kit (Qiagen) from either freshly purified splenic B cells, obtained after gradient separation using Lympholyte Mammal (Cedarlane) followed by CD43
− selection (Miltenyi Biotec), or from purified splenic B cells stimulated in vitro (10 6 cells m/L) for 48 h in RMPI 1640 medium (Lonza) supplemented with 10% FCS (Lonza) and with 5 μg/mL LPS (Cayla Invivogen), separated on a lympholyte mammal gradient. For each genotype (wt, 3′PAL Δ/Δ , hs3b-4 Δ/Δ , 3′RR Δ/Δ ), RNA sample was prepared from a pool of equivalent numbers of purified B cells from four animals. For RNA-seq library, 1 μg of total RNA was depleted from ribosomal RNA with Ribo-Zero Gold (Illumina), ligated, reversetranscribed, and amplified (14 cycles) with the reagents from the TruSeq Stranded Total RNA kit (Illumina). Libraries were quantified with the Bioanalyzer DNA 1000 Kit (Agilent). Four nanomolars of libraries were then diluted and denatured according to the Illumina recommendations. Paired-end 150-bp reads were sequenced on an Illumina NextsEq. 500 sequencer, using NextSeq 500/550 High Output Kit (Illumina). Illumina NextSeq 500 paired-end 2 × 150-nt reads were mapped with STAR release v2.4.0a versus mm10 with gene model from ensembl release 77, with default parameters. Quantification of genes was then performed using featureCounts release subread-1.4.6-p1-Linux-x86_64 with "-primary -g gene_name -p -s 1 -M" options based on Ensembl GTF release 77 annotations.
Secreted Ig in Plasma and Supernatants. Supernatants from in vitrostimulated B cells, harvested after 4-d culture, and sera from wt or homozygous mutant mice were tested for the presence and concentration of different Ig isotypes by ELISA, as previously described (29 Δa / wtb , were analyzed for the presence of ovalbumin-specific Ig isotypes in sera by ELISA. Allotype-specific IgM, IgG1, and IgG2a responses to OVA were determined as previously described (28) . Means ± SEM are reported; number of animals is reported; within a given B-cell subset expressing a-or b-allele, the a/b ratio is reported. Means ± SEM are reported; number of animals is reported; significance (P value) between the two genotypes is assessed by a Student t test.
